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We examine the reach at hadron colliders for the lightest warped Kaluza-Klein (KK) graviton G1
in the Z(→ ℓ+ℓ−)Z(→ νν¯) channel, ℓ = e, µ, within Randall-Sundrummodels of hierarchy and flavor
where the Standard Model gauge fields and fermions propagate in the 5D bulk. The reconstructed
Z and the accompanying large missing energy allow for an efficient suppression of backgrounds. For
reasonable parameters, a ∼ 2 (2.6) TeV G1 can be discovered at 5σ with 300 fb−1 (3 ab−1) of 14
TeV LHC data via our “Z + missing energy” signal. Using this signal, the discovery reach for G1 at
a future 100 TeV pp collider is estimated to be as high as ∼ 10 TeV. We discuss mass determination
of the singly produced G1, using the energy distribution of its visible (Z → ℓ+ℓ−) decay product,
by adapting a recently proposed method. Based on our analysis, a mass measurement at the ∼ 5%
level with ∼ 3 ab−1 of the 14 TeV LHC data can be feasible.
I. INTRODUCTION
The discovery of a Higgs boson at ∼ 126 GeV, with
properties very similar to that of the Standard Model
(SM), at the LHC [1, 2] has been a significant step
towards uncovering the physics underlying electroweak
symmetry breaking (EWSB). At the same time, concep-
tual questions regarding the Higgs mechanism, discussed
at length over the last few decades, can no longer be
treated as hypothetical and take on real urgency. Of
these, the stability of the ∼ 100 GeV Higgs potential
scale against large quadratic corrections, known as the
hierarchy puzzle, has been a main driver of model build-
ing and its origin remains an open question. Various
ideas have been proposed over the years to address this
puzzle, ranging from non-trivial dynamics and low en-
ergy supersymmetry to models with different kinds of
extra dimensions, and many others.
An interesting resolution of the hierarchy is provided
by the Randall-Sundrum (RS) proposal [3], where the
background geometry is assumed to be a slice of AdS5,
i.e. a 5D spacetime with constant negative curvature.
This 5D spacetime is characterized by curvature scale
k and is bounded by flat boundaries, often called UV
(Planck) and IR (TeV) branes. Due to the underly-
ing warped geometry, UV brane scales of order M¯P ≈
2×1018 GeV get redshifted exponentially along the com-
pact fifth dimension of size πR, with R the radius of
compactification. One would then get an IR brane scale
of order M¯P e
−kπR ∼ TeV for kR ≈ 11 which resolves
the hierarchy without the need to introduce very large
numbers in the underlying 5D theory. In the original
RS model, all SM fields were assumed confined to the
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IR brane. Hence, the main signals of this model were
only from the gravitational sector [4–6], with a distinct
signal being the tower of Kaluza-Klein (KK) gravitons
[5], appearing above the weak scale ∼ 100 GeV. The
masses of the lowest level gravitons are set by a scale of
∼ 1 TeV, similar to the scale of KK graviton coupling,
the warped down M¯P, at the IR brane. Therefore, the
low lying KK states of the original model could in prin-
ciple be produced as resonances, decaying into all SM
degrees of freedom at a basically universal rate. In par-
ticular, one would have striking signals in dileptons and
diphotons, reconstructing to TeV-scale spin-2 resonances
in this scenario.
Soon after the introduction of the RS proposal, it was
realized that the hierarchy solution, while requiring the
Higgs field to be localized near the IR brane, does not
exclude the possibility that other fields may propagate
in the bulk [7]. In fact, placing the SM gauge fields [8, 9]
and fermions [10] in all five dimensions was shown to lead
to a realistic picture of flavor [11]. This was achieved
through introduction of 5D masses for fermions [10], al-
lowing for light (heavy) fermions to have zero mode pro-
files localized away (towards) the Higgs on the IR brane.
In this way, the same warped background could explain
both the hierarchy and flavor puzzles of the SM while
being enriched with new signatures associated with the
additional KK states of the gauge and the fermion fields.
However, in these new warped models of hierarchy and
flavor, the KK modes mainly couple to heavy SM degrees
of freedom: t, W±, Z, and the Higgs. In particular, the
KK graviton couplings to light fermions become negligi-
ble while their couplings to massless photons and gluons
are suppressed by a volume factor ∼ 1/(kπR) [12]. Con-
sequently, unlike in the original RS model, the main de-
cay modes of KK gravitons are now the heavy fields that
do not yield simple final state signals.
The key aspects of collider phenomenology in the con-
text of warped models of hierarchy and flavor (bulk SM)
have been studied in a number of works; for a sample,
see Refs. [12–22]. In particular, the prospects for detect-
ing the lightest KK graviton G1 were studied in Ref. [15]
in the G1 → tt¯ channel, in Ref. [16] for G1 → ZLZL,
i.e., the decay into longitudinal Z pairs with both Z
bosons decaying leptonically, Z → ℓ+ℓ− for ℓ = e, µ,
while Ref. [20] examined the G1 →WLWL signal. These
studies suggest that the reach for G1 is at most ∼ 2 TeV
with ∼ few × 100 fb−1of data at the 14 TeV LHC.1
In this work, we extend the study in Ref. [16] to the
case of G1 → ZL(→ ℓ+ℓ−)ZL(→ νν¯), which can be taken
as complementary work. Given that branching fraction
of the Z into neutrinos is roughly a factor of 3 larger than
that into ℓ+ℓ−, one could expect this channel to provide
an important search mode. The price of having a larger
branching ratio is that the relevant final state involves
invisible neutrinos and is hence not fully reconstructible.
Nevertheless, the invisible neutrinos provide an impor-
tant handle to reduce the relevant background. The rea-
son is that the KK graviton G1 is typically expected to
be heavy so that its subsequent Z boson decay products
are likely to have large transverse momenta and boosts.
Therefore, as we will show, the large missing energy and
also the small distance between the two final state leptons
in this case can be used to cut the background efficiently.
We will consider integrated luminosities of 300 fb−1 and
3 ab−1 at the 14 TeV LHC. Also, we will estimate the
reach at a future 100 TeV proton collider with 1 and 3
ab−1 of data.2 While the reach at the LHC is about 2−3
TeV, the 100 TeV machine has the potential to discover
a ∼ 10 TeV KK graviton.
As mentioned before, our signal cannot be fully recon-
structed to yield the mass mG1 of G1, due to the loss of
kinematic information about the neutrinos that escape
the detector. However, KK gravitons of interest in our
work are generally heavy, mG1 >∼ 2 TeV, and thus mostly
produced at rest at the LHC. Also, initial state gluon
parton distributions are symmetric and are less likely to
lead to a boosted KK graviton. This suggests that each
Z in the decay will carry approximatelymG1/2 of energy,
and therefore the distribution of the visible energy (from
Z → ℓ+ℓ−) can be used to estimate the value ofmG1 . To
this end, we adapt the methodology proposed in Ref. [25]
for determining the mass of a resonance that undergoes a
2-body decay, using partial kinematic information. The
results in Ref. [25] imply that under certain conditions,
the peak in the energy distribution of a visible ‘massless’
daughter particle equals its energy in the rest frame of
the mother state.3 Although some of the requisite con-
1 The relevant matrix element in Ref. [16] should include another
factor of 1/2 and the corresponding cross section for gg → V V
should be reduced by 1/4. Therefore, the reach for KK gravitons
in Ref. [16] is lowered from the ∼ 2 TeV projection in that work.
2 For other studies of RS models at future colliders, see also
Refs. [23, 24].
3 The method is relevant even to the case where the two decay
products can be fully reconstructed because we may ignore one
ditions are not strictly met for our process, we find that
the energy distribution ansatz implied by the discussion
in Ref. [25] can yield a ∼ 5% measurement of mG1 , given
a statistical sample of O(100) events.
In the next section, we will outline the setup and the
range of parameters considered in this work. We then
move onto the discussion about the search strategy for
our signal in Section III. Section IV contains our results
on the reach of the 14 TeV LHC and a 100 TeV collider for
the lightest KK graviton. In Section V, we discuss the
prospects for determining the KK graviton mass using
the final state of interest in our work. The last section is
reserved for a brief discussion and our conclusions.
II. SETUP AND PARAMETERS
The models we consider could be endowed with further
symmetries to control unwanted deviations from preci-
sion EW data [26], allowing the lightest gauge KK states
to have a mass of order 2-3 TeV [27]. However, we will
mostly follow the assumptions used in Ref. [16] and focus
on a simple realization of warped hierarchy and flavor
models. In particular, we assume that the bulk gauge
field content is that of the SM and the only fermion with
significant coupling to G1 is the right-handed top quark
tR. These assumptions capture the main features of phe-
nomenology and the results we find can be useful esti-
mates for somewhat more complicated models. An im-
portant parameter governing warped KK graviton phe-
nomenology is the ratio c ≡ k/M¯P. The size of this pa-
rameter is a measure of whether the underlying RS back-
ground can be well-described by the Einstein-Hilbert ac-
tion in general relativity and strong gravity effects can be
ignored; typically this is the case for c not much larger
than order unity. Here, we will consider values c ≤ 2,
which could be consistent with a classical description of
the geometry [16].
We note that in the RS background, the masses of the
gauge field KK states start at 2.45 × ke−kπR while the
KK graviton tower starts at 3.83 × ke−kπR. Hence, we
expect the lightest KK graviton to be roughly a factor of
1.6 heavier than the lightest gauge KK state such as the
lightest KK gluon. The lightest KK gluon, with its cou-
pling to quarks proportional to the strong coupling con-
stant, typically provides the best limit on warped models
with bulk flavor and is currently constrained to be heav-
ier than ∼ 2 TeV by the LHC data [28, 29]. Hence,
the simplest RS-type models would then predict that the
lightest KK graviton should lie above ∼ 2.5− 3 TeV.
Here, we would like to add that warped KK phe-
nomenology can be significantly different in volume (kR)
of them. In such a case, resonance reconstruction is typically a
better choice, but the proposal in Ref. [25] can become compet-
itive if one of the decay products is difficult to reconstruct.
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truncated “Little RS” models, leading to enhanced col-
lider signals [30, 31]. In those models, a smaller hierar-
chy between the TeV scale and a large but sub-Planckian
scale (for example, associated with flavor physics) is ad-
dressed. In what follows, we only consider warped models
that explain the Planck-weak hierarchy.
III. SM BACKGROUND AND SELECTION
CRITERIA
Our signal events are defined by the singly-produced
KK graviton decaying into a pair of Z gauge bosons,
one of which decays further leptonically while the other
decays invisibly:
pp→ G1 → ZZ → ℓ+ℓ−νν¯ (1)
where ℓ includes e and µ only. Due to this signal pro-
cess, the relevant collider signature is characterized by
the opposite-signed same flavor di-lepton and large miss-
ing energy. Therefore, the relevant SM backgrounds can
be Z+νν¯ in which Z decays leptonically, W±Z in which
Z decays leptonically while W± decays into a lepton
and its corresponding neutrino, and W+W− in which
the two W gauge bosons decay leptonically. For the last
case, even though it has a large production cross section,
we can suppress the background by requiring opposite-
signed same flavor leptons whose invariant mass falls into
the Z mass window.
In order for W±Z to appear as a background, the W
gauge boson should decay leptonically, and the relevant
lepton (e or µ) should be missed, which happens only a
small fraction of the time for the typical lepton trans-
verse momentum pℓT in this case. However, if the lepton
is missed due to small pℓT , with the missing transverse en-
ergy E/T dominantly from ν, the background can still be
suppressed by requiring a hard E/T cut. Another way of
getting a background event from this channel is for W±
to decay into the τ± which decays hadronically to give
rise to soft jet(s) along with another neutrino resulting in
additional missing momentum. However, our simulation
studies suggest that the contribution from this process
should be subdominant with the aid of the set of cuts to
be described shortly.
For simulating the signal and background events at the
parton level, we employ the matrix element generators
CalcHEP3 [32] and MadGraph5 [33], respectively, taking
the parton distribution functions of CTEQ6L1 [34]. For the
event pre-selection, we basically follow a similar strategy
to that taken in Ref. [35] along with slight modifications:
pℓT > 25 GeV, |ηℓ| < 2.4, E/T > 400 (1500) GeV
66 < mℓℓ < 116 GeV , (2)
where ηℓ denotes the pseudo-rapidity of ℓ = e, µ and the
larger E/T cut in the parentheses is for
√
s = 100 TeV.
Beyond these pre-selection cuts, we find that additional
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FIG. 1: Distributions of the number of signal and the domi-
nant SM background events that pass the selection criterion
E/T > E/T (min) for set (i) (red thick dashed line) and set (iii)
(blue thick solid line) in TABLE I at
√
s = 14 TeV and c = 2.
The thin lines represent backgrounds for integrated luminosi-
ties of 300 fb−1 (black dashed) and 3 ab−1 (black solid). The
basic cuts in Eq. (2) and ∆Rℓℓ < 0.4 are applied.
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FIG. 2: Distributions of the number of signal and the domi-
nant SM background events that pass the selection criterion
E/T > E/T (min) for set (v) (red thick dashed line) and set (vi)
(blue thick solid line) in TABLE I at
√
s = 100 TeV for c = 1
and c = 2, respectively. The thin lines represent backgrounds
for integrated luminosities of 1 ab−1 (black dashed) and 3
ab−1 (black solid). The basic cuts in Eq. (2) and ∆Rℓℓ < 0.1
are applied.
cuts on E/T and ∆Rℓℓ ≡
√
(∆φℓ)2 + (∆ηℓ)2, with φℓ de-
noting the azimuthal angle, play a key role in rejecting
the background events further. Since the KK graviton is
expected to be quite heavy, our signal typically gives rise
to large missing momentum. To optimize the E/T cut one
can plot the distributions of the number of signal and
the dominant SM background events that pass the selec-
tion criterion E/T > E/T (min) as a function of E/T (min),
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as shown in FIGs. 1 and 2. Note that the events are
selected after applying the basic cuts listed in Eq. (2)
along with a minimal choice of ∆Rℓℓ cut which will be
discussed shortly. The advantage of these distributions
is that they help in finding a E/T cut that would optimize
statistical significance, i.e., S/
√
B. We will explain this
in detail in the next section. These distributions sug-
gest that a harder E/T cut can suppress a large fraction
of background events, and therefore significantly improve
the signal-to-background ratio.
This observation also motivates a small ∆Rℓℓ cut be-
cause the highly boosted Z leads to two collimated de-
cay products, ℓ+ and ℓ−. On the other hand, most
of the Z gauge bosons in the background at hand are
produced nearly at threshold and hence are not highly
boosted. Therefore, the separation between the two lep-
tons from the decay of such Z bosons is expected to be
(relatively) large for most of the background events. In
this sense, a small ∆Rℓℓ can reduce the number of such
background events considerably. FIGs. 3 and 4 com-
pare unit-normalized distributions of the benchmark sig-
nal events in TABLE I and the Z+νν¯ background events
in ∆Rℓℓ with
√
s being 14 TeV and 100 TeV, respectively.
The events are selected after the pre-selection cuts enu-
merated in Eq. (2). Note that for the 100 TeV case, we
adjust the minimal E/T cut in Eq. (2) to be E/T > 1500
GeV. Certainly, we observe that a small ∆Rℓℓ is favored
for the signal events, from which we are led to the fol-
lowing ∆Rℓℓ cuts:
∆Rℓℓ < 0.4 for
√
s = 14 TeV
∆Rℓℓ < 0.1 for
√
s = 100 TeV.
(3)
Note that ∆Rℓℓ decreases as the mass of G1 increases.
Thus, for low values of mG1 , it would be more difficult
to discriminate the signal from the SM background.
IV. DISCOVERY POTENTIAL
In this section, we discuss the discovery potential of
the KK graviton based upon the cuts in Eqs. (2) and (3)
together with a suitable choice of the E/T cut depending
on the study point of interest. TABLE I lists six rep-
resentative cases that are used in our simulations and
the corresponding statistical significance along with the
optimized E/T and ∆Rℓℓ cuts for various masses and c
parameters of the KK graviton.
We begin with the case of
√
s = 14 TeV with integrated
luminosities of 300 fb−1 for set (i) and 3 ab−1 for sets (ii)
and (iii). The selection of the appropriate E/T cut can be
understood by observing FIG. 1. For example, we can
find that the best E/T cut for set (i) that leads to the
largest S/
√
B arises around 0.9 TeV while for set (iii),
it does around 1.2 TeV. Furthermore, we can also see
that these cuts are all quite close to half the mass of G1.
This is not surprising, as the typical KK graviton under
consideration is so heavy that it is likely to be produced
nearly at rest. Since each KK graviton decays into two
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FIG. 3: The ∆Rℓℓ sensitivity of signal [sets (i), (ii), and
(iii) in TABLE I] and background events with the collider of√
s = 14 TeV after imposing the cuts in Eq. (2).
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FIG. 4: The ∆Rℓℓ sensitivity of signal [sets (iv), (v) in TA-
BLE I), and (vi)] and background events with the collider of√
s = 100 TeV after imposing the cuts in Eq. (2).
Z’s which are effectively massless, the typical energy scale
of each decay product is ∼ mG1/2 in such a situation.
Given that the Z decaying into neutrinos is the main
source of E/T , the above-mentioned best E/T cuts can be
expected. From this argument one could claim that both
sets (i) and (ii) should have the same E/T cut because the
mass of G1 is the same for these two benchmark points.
However, in TABLE I set (i) has a slightly softer E/T
cut than that of set (ii). The reason is that the relevant
discovery here is defined such that the number of the
signal events has to be at least 10 concurrently with usual
S/
√
B ≥ 5. We have assumed 100% efficiency, as a fair
approximation for the clean leptonic signals.
One noteworthy observation is that the ratio of the
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number of the signal events of set (i) (denoted as Si) to
that of set (ii) (denoted as Sii) is about 0.4. This number
can be understood from Eqs. (9) and (10) of Ref. [16]: the
parton-level cross section is proportional to the square of
the amplitude
∣∣MG1 (gg → V V )∣∣2 ∝
∣∣∣∣ (xG1c)
2
sˆ−m2G1 + iΓGmG1
∣∣∣∣
2
(4)
where V =W,Z and
ΓG1 =
13(c xG1)
2mG1
960π
. (5)
For small ΓG1/mG1 , using the narrow width approxima-
tion [36] one can find that
1
(sˆ−m2G1)2 + Γ2G1m2G1
≈ π
ΓG1mG1
δ(sˆ−m2G1). (6)
As a result, when the width of G1 becomes very narrow
compared with mG1 , the total parton-level cross section
is proportional to c2. Thus, the ratio of Si to Sii is as
follows:
Si
Sii
=
Li
Lii
(
ci
cii
)2
= 0.4. (7)
In TABLE I, this ratio is not exactly equal to 0.4 because
ΓG1/mG1 may not be still small enough or the cuts on
E/T are slightly different. Nevertheless, this argument
provides a good intuition on the expected number of sig-
nal events for G1 of interest with different c parameters.
TABLE I: Statistical significance (i.e., S/
√
B) of six sets of
benchmark points for
√
s = 14 and 100 TeV. Also, the number
of signal events is required to be at least 10. E/T and ∆Rℓℓ
cuts are optimized for each benchmark point to obtain the
best significance.
(i) (ii) (iii) (iv) (v) (vi)
√
s (TeV) 14 14 14 100 100 100
L (ab−1) 0.3 3 3 1 1 3
c = k/M¯P 2 1 2 0.5 1 2
mG1 (TeV) 2 2 2.6 5.5 7.5 11
E/T cut (TeV) >0.8 >0.9 >1.2 >2.4 >2.9 >3.7
∆Rℓℓ cut <0.4 <0.4 <0.4 <0.1 <0.1 <0.1
S 10 28 11 12 10 11
S/
√
B 5.7 6.4 5.4 5.1 6.2 6.5
Next, we move our attention to the numerical results
for a future proton-proton collider with
√
s = 100 TeV
and integrated luminosities of 1 ab−1 for sets (iv) and
(v) and 3 ab−1 for set (vi). The relevant analysis can be
performed in an analogous way to the case of
√
s = 14
TeV. Our simulation study suggests that the discovery
potential can reach mG1 = 5.5 TeV or higher depending
on the values of the c parameter and the luminosity that
the machine can acquire. Since mG1 is very large, the
associated E/T cut also becomes even harder while the
separation between the two visible leptons becomes closer
as seen from FIG. 2.
The discovery potential looks promising for the 14 TeV
LHC; even with a luminosity of 300 fb−1, the discovery
reach is around mG1 = 2 TeV with a statistical signif-
icance of 5.7 σ, assuming c ≈ 2 . Since the statistical
significance increases as
√L, larger amounts of data al-
low reaching higher masses and smaller values of c (the
cross section is proportional to c2). We observe that for
an integrated luminosity of 3 ab−1, the discovery poten-
tial can reach mG1 = 2 and mG1 = 2.6 TeV for c = 1
and c = 2, respectively.
For KK gravitons with higher masses or smaller c pa-
rameters, such as c = 0.5, enhanced cross sections at a
more energetic machine would be required. For example,
at a 100 TeV hadron collider, we find that discovering
a KK graviton of mG1 = 11 TeV with c = 2 is possi-
ble, for an integrated luminosity of 3 ab−1 [see set (vi) in
TABLE I]. As another example, set (iv) represents a spe-
cial case where c = 0.5, which is the smallest among the
benchmark points in TABLE I. As mentioned above, the
cross section is proportional to c2 so that the production
rate for this point is suppressed and this makes the dis-
covery challenging. However, our results show that with
a luminosity of 1 ab−1 the reach of the 100 TeV ma-
chine for this point is mG1 = 5.5 TeV with a statistical
significance of 5.1σ.
V. PROSPECTS FOR MASS MEASUREMENT
Once the KK graviton G1 is discovered, one could at-
tempt to measure its mass. As discussed before, the ap-
proximate value of the KK graviton mass can be inferred
from the (reconstructible) Z energy distribution, since
G1 is typically produced nearly at rest at the LHC and
hence each decay product has ∼ mG1/2 of energy. How-
ever, for the cases with low statistics and non-negligible
background one may need to apply well-suited methods
to optimize the mass determination. For this purpose, we
adapt the novel proposal in Ref. [25], based on the ob-
servation that, in a 2-body decay, the laboratory frame
energy distribution of a (massless) visible daughter parti-
cle peaks at the value of its energy in the rest frame of the
mother particle. Based on general arguments, Ref. [25]
proposed an ansatz describing such an energy distribu-
tion, which can be used to determine the peak more ac-
curately.
We apply a method akin to that discussed above for
identifying the location of the peak in the Z energy dis-
tribution, and hence estimating mG1 . However, we note
that the ansatz proposed in Ref. [25] was focused on res-
onances produced in pairs, generally yielding particles
with non-zero boosts. In our case though, the KK gravi-
ton is singly produced and typically with negligible boost.
As described in Ref. [25], the peak in the former case
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corresponds to an extremum, while in the latter case the
peak corresponds to a cusp. Suppose that the Z energy,
EZ , in the laboratory frame is distributed according to
f(EZ), and the rest-frame energy of Z is denoted by E
∗
Z .
To capture the cusp feature of the peak in f(EZ) for the
case of interest here, we adopt a new ansatz that is ex-
pected to accommodate the cusp structure around the
peak (i.e., EZ = E
∗
Z) [37]:
f(EZ) = N exp
[
−w
(
EZ
E∗Z
+
E∗Z
EZ
− 2
)q]
. (8)
The first derivative of f(EZ) behaves as
f ′(EZ) ∝ sgn(EZ − E∗Z) exp
[
−w
(
EZ
E∗Z
+
E∗Z
EZ
− 2
)q]
,(9)
where q ∈ (0, 1) encodes the steepness around the peak
position, EZ = E
∗
Z . The sign function guarantees dis-
continuity in the slope at EZ = E
∗
Z , which yields a cusp
in f(EZ) at E
∗
Z .
The other possible issue is that the method proposed in
Ref. [25] assumes a flat angular distribution from a scalar
or else an unpolarized production process. However, for
our KK graviton, a tensor particle, the decay product Z
has an angular preference relative to the direction of the
incoming partons (∼ sin4 θ, in the parton center of mass
frame) [16]. Nevertheless, our simulations suggest that
the departure, in our case, from the assumptions leading
to Eq.(8) do not affect the utility of the formalism signifi-
cantly. As KK gravitons are produced nearly at rest, the
energy of Z final states is centered around mG1/2 and we
may apply the above ansatz to locate the peak.
For the purpose of demonstrating the relevant techni-
cal details, we take mG1 = 2 TeV and c = 2, for G1
produced at the 14 TeV LHC, which according to TA-
BLE I can be discovered with 300 fb−1 of data. We
assume 3 ab−1 of integrated luminosity to secure the
necessary statistics. Also, we relax the E/T cut a little
(E/T > 0.7 TeV) in order to avoid significant deformation
of the shape in the vicinity of the expected peak posi-
tion. With this luminosity and setup ∼ 150 events are
expected to be detected, with a signal strength (i.e., S/B)
of ∼ 2.5. Following Ref. [38], we subtract the background
in the fitting region with a proper background template
fBG(E) = NBG exp
(
−wBG
√
E
)
, (10)
whereNBG and wBG are the normalization and the model
parameters, respectively. Our simulation suggests (top
panel in FIG. 5) that the background can be fairly well-
described by this template in the associated fitting range.
For the signal fit, we consider an ensemble of 200
pseudo-experiments with the data corresponding to the
3 ab−1 of the integrated luminosity at
√
s = 14 TeV
as mentioned before. For each pseudo-experiment, we
perform a Log-Likelihood fit with the template given in
Eq. (8). We only take the data approximately within the
half maximum, that is, [850, 1300] GeV where most of the
signal events are populated. We also found that q ∼ 0.9
describes the kink structure around the peak well enough.
The extracted peak position and its error estimation at
95% confidence level (C.L.) over 200 pseudo-experiments
with a bin size of 50 GeV are given by
〈EpeakZ 〉 = 1052± 53 GeV (11)
with a mean p-value of 0.17 for our fit. FIG. 5 demon-
strates a sample fit which would be performed in the
actual experiment. The top panel shows the Z energy
distribution given by the combination between the signal
(blue area) and the background (red area) events. The
red curve denotes the relevant background model given
in Eq. (10), for which the model parameters have been
extracted by the fit of the background event sample of
large statistics. We see that it is fairly close to the actual
background even with the small number of events. After
subtracting the full distribution by such a background
model in the above-mentioned fitting range, we fit the
output, and the fit result is shown in the bottom panel,
where the red solid curve represents the best-fit.
The distributions in the best-fit EpeakZ and its error at
95% C.L. are symmetric around their central values, and
no special features arise. The peak position, which is the
same as the rest-frame energy of Z, can be translated
into the mass of the KK graviton:
EpeakZ =
mG1
2
(12)
from which we infer the mass parameter of interest
〈mG1〉 = 2104± 106 GeV. (13)
The measured value is fairly precise and accurate: the
corresponding error is small, i.e., ∼ 5%, and the cen-
tral value is in a good agreement with the input value at
the 95% C.L. In addition, the associated p-value is ac-
ceptable. Given this result, we expect that KK graviton
mass measurement, using our final state, will be feasi-
ble for interesting parameter ranges at the 14 TeV LHC,
given ∼ 3 ab−1 of the integrated luminosity
Before closing this section, we remark on a couple of
potential issues. The first one is that as pointed out in
Ref. [16], the decay width of the KK graviton is no longer
negligible once the associated c parameter becomes large.
As a consequence, the Z energy distribution is not δ-
function-like even in the rest frame of the KK graviton,
i.e., it develops a non-trivial distribution peaked at the
E∗Z evaluated with the nominal mass of the KK gravi-
ton. Remarkably, our simulation suggests that such ef-
fects would not make a significant impact on the final
output, i.e., the approach introduced above can be a good
approximation with respect to measurement of mG1 .
Another point regarding the above mass measurement
approach is comparison with those using pT distribution
of Z gauge bosons. Since the KK gravitons are singly
produced, the pT distribution of the visible Z gives rise
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FIG. 5: A sample Z energy distribution including back-
ground events (top panel) and the fit of the data to Eq. (8),
after background subtraction (bottom panel).
to the famous Jacobian peak, which could also give a han-
dle on the value of mG1 . However, given a non-negligible
decay width like the example studied here, the sharpness
of such a peak gets reduced so that the identification of
the peak in the pT distribution may not be straightfor-
ward. Moreover, locating the peak position in the pT
distribution becomes more challenging in the presence of
initial state radiation (ISR) which can shift the peak in
pT . If the non-trivial angular distribution of the final
state Z (∝ sin4 θ) can be roughly ignored, the arguments
in Ref. [25] imply that as KK gravitons get boosted due
to effects of ISR, the location of the energy peak should
not be affected.4 Then, the energy variable in our anal-
ysis could yield a good estimate of mG1 even when more
4 Final state radiation (FSR) can shift the peak in the energy
distribution because it effectively results in three-body decays for
which the method in Ref. [25] is not applicable [39]. However,
for the signal channel under consideration, the effect from FSR
realistic details are taken into account. However, a more
detailed simulation is required to examine this question,
which is outside the scope of our work.
VI. CONCLUSIONS
In this work, we studied the discovery potential for
the lightest warped (Randall-Sundrum) KK graviton at
the 14 TeV LHC and a future 100 TeV hadron collider,
assuming that the SM fields propagate in the 5D bulk.
To study the discovery potential, we considered the KK
graviton decay into two Z bosons, one of which decays
leptonically while the other decays invisibly into neu-
trinos. Our analysis is then complementary to that in
Ref. [16]. We also discussed how the mass measurement
of such a KK graviton can be performed using the en-
ergy distribution of the reconstructed Z(→ ℓ+ℓ−), once
a discovery is made.
Since the KK gravitons of interest are heavy, each de-
cay product is typically emitted with a large boost. This
gives rise to large transverse momenta and highly colli-
mated leptons. Hence, E/T and ∆Rℓℓ cuts can be effi-
cient in rejecting the associated SM background. With
these cuts, the reach of the 14 TeV LHC for the first KK
graviton is 2 TeV (2.6 TeV) with c ≡ k/M¯P = 2 and an
integrated luminosity of 300 fb−1 (3 ab−1). At a future√
s = 100 TeV pp collider, the relevant reach can extend
to ∼ 10 TeV with 3 ab−1 of data.
The heavy KK gravitons of interest in our work would
be produced singly and nearly at rest. On general
grounds, one can then expect the energy of the visible Z
to give a good estimate of the KK graviton mass, in the
absence of full kinematic information due to invisible neu-
trinos. To find the KK mass, we adapted a novel method,
proposed in Ref. [25], that employs the energy distribu-
tion of only the visible decay product (Z → ℓ+ℓ−) and
is suited for our case. Since the formalism developed in
Ref. [25] focused on pair-produced resonances (with non-
trivial boosts), we adopted a new ansatz describing the
relevant energy distribution for our study. As a concrete
example, we considered a KK graviton with a mass of 2
TeV, assuming c = 2 and 3 ab−1 of 14 TeV LHC data.
With a sample of O(100) KK gravitons, we found that
the mass could be deduced at the ∼ 5% level, and the
obtained value is fairly precise and accurate. We also
briefly discussed possible complementarity of the mass
determination approach in our work to potential alterna-
tives.
is negligible due to the leptonic final states.
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